Development of highly efficient, TfR1 specific, cross-species reactive blood-brain barrier (BBB) shuttle based on shark single domain VNAR antibody.
INTRODUCTION
The BBB is formed by highly specialized endothelial cells that maintain an optimal environment for neuronal function by eliminating toxic substances and supplying the brain with nutrients and other metabolic requirements. While the BBB also poses a major challenge for drug delivery to the CNS, receptor-mediated transport systems for endogenous ligands have been exploited to shuttle a wide range of biologics into the brain in a non-invasive manner. TfR1 mediates the transport of ironloaded transferrin (Tf) from blood to brain and the return of iron-depleted Tf to the blood (1). The OX26 monoclonal antibody, which binds the rat TfR1 without blocking Tf and labels capillaries in the rat brain, was the first antibody used to carry a drug across the BBB (2) . Since then, many biomolecules have been delivered to the brain using a variety of different antibodies to TfR1 (3) .
Despite clear advances, several features of monoclonal antibodies as BBB carriers have hampered their clinical development. TfR1 antibodies can cause anemia by target-mediated lysis of TfR1-rich reticulocytes (4, 5) and off-target binding to TfR1 expressed in other peripheral tissues such as liver and kidney, likely accounts for the relatively short plasma half-life of some TfR1 antibodies (4, 6, 7) .
TfR1 antibodies can accumulate in brain capillaries with limited release into the brain parenchyma (8) and target TfR1s in the capillary endothelium for lysosome degradation (9, 10) . These antibodies have been individually re-engineered to reduce their liabilities and improve brain penetration either by monovalent formatting and/or a reduction in receptor binding affinity (8, (11) (12) (13) . However, these modifications necessitate higher doses to achieve a significant degree of receptor occupancy, and it
is not yet clear whether TfR1 transport has been fully maximized for optimal CNS exposure.
Moreover, the TfR1 antibodies used to date bind different epitopes on TfR1 and are species-specific, which remains problematic for preclinical efficacy and safety testing of potential therapeutic molecules.
To address some of the drawbacks with TfR1 antibodies as BBB carriers, we used variable domain of new antigen receptors (VNARs) derived from single chain antibodies found in the shark (14) . Their unique antigen binding paratope with a long complementarity-determining region 3 (CDR3) provides access to novel epitopes and their small size, high solubility, thermal stability and refolding capacity simplifies coupling to other biopharmaceuticals (15) . TXB2 was identified from a semi-synthetic VNAR phage display library by a combination of in vitro and in vivo selection. We show that TXB2 specifically interacts with mouse, rat, monkey and human TfR1 with high affinity (≤1 nM KD) without blocking Tf binding. In mice, TXB2 rapidly crosses the BBB as a bivalent VNAR-human Fc fusion protein (TXB2-hFc), and is readily detected in brain capillaries, parenchyma and neurons at low therapeutic doses (1.875 mg/kg). Neuronal delivery of a biologically active peptide was confirmed at this dose with TXB2-hFc fused to the NT peptide. These results indicated that VNARs to TfR1 have major advantages as BBB carriers without the safety liabilities and poor PK of monoclonal antibodies.
Moreover, in vivo phage display enables the selection of the rare functionally active VNARs among numerous of TfR1 binders.
MATERIALS & METHODS
In vitro phage selections. Two semi-synthetic libraries were designed to exclude human T-cell epitopes and were based on type I and II nurse shark VNAR sequences (16) . Phage libraries were produced in super-infected ER2738 cultures and PEG/NaCl precipitated. Two rounds of in vitro selection were performed on recombinant hTfR1 ectodomain (Sino Biological) that was biotinylated using Sulfo-NHS-Biotin EZ-Link kit (Thermo Fisher). Streptavidin coupled Dynabeads (Thermo Fisher) were used to pulldown protein-bound phages, which were washed, eluted in 100 nM triethylamine and used for infection of E. coli strain ER2738 after adjusting to neutral pH. The output titer was calculated by counting antibiotic-resistant colonies and the culture was super-infected with M13KO7 helper phage to produce phages for subsequent rounds of selection.
Phage ELISA. Individual clones were picked from agar plates and grown at 37°C with shaking in a 96 well block in 2YT media supplemented with 2% glucose, 5 ug/ml tetracycline and 100 g/ml ampicillin until visible growth occurred. At that point M13KO7 helper phage was added. After 1 hr incubation the media was replaced with 2YT media supplemented with 5ug/ml tetracycline, 100 g/ml ampicillin and 50 ug/ml kanamycin and grown for 16 hr at 30°C. Plates were then spun down at 2,500xg, the supernatant was recovered and blocked with final concentration of 2.5% milk in PBS with 0.1% Tween20 (PBST) for 15 min at room temperature (RT) before preceding to ELISA. Nunc MaxiSorp plates (Thermo Fisher) were coated with 100 µl of 1 µg/ml of commercially available recombinant mouse and human TfR1 (Sino Biological) and human serum albumin (HSA; Sigma) and incubated at 4°C overnight. Plates were incubated with blocking buffer (2.5% non-fat dry milk in PBST) for 1 hr at RT. Blocked supernatants from phage rescue were transferred to the blocked plates and incubated for 1 hr. The plates were washed with PBST and incubated with anti-M13-HRP 1:3,000 (GE Healthcare) in blocking buffer for 30 min. The plates were washed and developed with SureBlue TM TMB substrate (Thermo Fisher), the reaction stopped with 1% HCl and absorbance measured at 450 nm.
In vivo phage selections. Endotoxins were removed from phage preparations with Triton X-114, which was added to a final concentration of 1% and the preparation was incubated for 5 min on ice followed by 5 min at 37°C. After centrifugation at 13,000 rpm for 5 min at 37°C, the supernatant was transferred to a new tube. The process was repeated twice, and endotoxin levels were measured using the LAL assay (Associates of Cape Cod, Inc.). Female BALB/c mice 6-12 weeks old received a single tail injection of a 100 µl phage preparation (5x10 11 cfu in PBS), and were then perfused with 25 ml of PBS supplemented with 1 EU/ml of heparin at either 1, 3 and 18 hr after injection. The animals' care was in accordance with institutional guidelines.
Brain fractionation and phage rescue. Brains were removed and the capillaries depleted from the parenchyma as previously described (17) . Briefly, brain tissue was homogenized with 14 strokes in a Dounce tissue grinder on ice in a 3:1 v/w of physiologic buffer (10 mM HEPES, 141 mM NaCI, 4 mM KCI, 2.8 mM CaCI, 1 mM MgSO4, 1 mM NaH2PO4 and 10 mM D-glucose, pH 7.4), and the capillaries depleted by centrifugation through 13% dextran (60-90 kDa) at 5,400xg for 15 min at 4°C. A 1 ml aliquot of supernatant was added to 30 ml of E. coli ER2738 cells at mid-log phase growth in 2YT with tetracycline (5 µg/ml). The bacteria were further grown for 2 hr at 37°C while shaken at 250 rpm. After centrifugation at 3,000 rpm for 15 min, the bacterial pellet was plated onto 2YT agar plates containing ampicillin (100 µg/ml) and glucose (2% w/v), and incubated overnight at 30°C.
Antibiotic-resistant colonies were counted, and a suspension culture was initiated from the agar plates and allowed to grow to mid-log phase in 2YT media with ampicillin (100 µg/ml) and glucose (2% w/v) before being super-infected with M13KO7 helper phage. The culture was further grown for 1 hr before the media was changed to 2YT with ampicillin (100 µg/ml) and kanamycin (50 µg/ml) and subsequently grown overnight at 30°C while shaken at 250 rpm. The rescued phages were precipitated with PEG/NaCl and endotoxins were removed before the next round of in vivo selection.
Next generation sequencing (NGS). Phagemid DNA samples from each round of selection were prepared using QIAfilter kit (Qiagen). An approximately 350bp region between two SfiI restriction sites was sequenced using Illumina MiSeq platform in a 2x250 bp paired-end configuration (GeneWiz). An average Q score of greater than Q30 was obtained for 75% of the sequencing data where Q score refers to log-transformed error probability. The post-acquisition analysis included grouping VNARs into families with common CDR3s using custom written Ruby script. Relative abundance was calculated per million sequences for each stage of the selection using RStudio analysis software.
Production of human Fc and Neurotensin (NT) fusion proteins. Unless specifically indicated all
VNAR-hFc formats were produced with VNARs at N-terminal end of human IgG1 Fc and with a series of Fc mutations (E233P/L234V/L235A/ΔG236 + A327G/A330S/P331S) that attenuate effector function (AEF) (18) . The 8D3-hFc antibody was engineered with VH and VL domains of a rat antimouse specific TfR1 antibody (19) cloned into human heavy chain IgG1 with AEF and human kappa light chain, respectively. NT constructs were designed to include the peptide on the C-terminal end of hFc with AEF following a 3xG4S linker. For protein production the transient transfection Exp293F
expression system (Thermo Fisher) was used following the manufacturer's manual. After 5 day growth, the cells were centrifuged at 2,000 rpm for 10 min. The supernatants were filtered using 0.22 µm membrane filters and loaded onto HiTrap MabSelect SuRe column (GE Healthcare) preequilibrated with PBS, pH 7.4. Bound proteins were eluted with 0.1 M Glycine, pH 3.5 and buffer exchanged to PBS, pH 7.4 using HiPrep 26/10 Desalting column (GE Healthcare). Purity of the purified proteins were determined by analytical size exclusion chromatography (SEC) and, if required, protein samples were concentrated and further purified by preparative SEC using a HiLoad 26/600 Superdex 200 pg column (GE Healthcare). Purified proteins were concentrated, filtered using 0.2 µm membrane filters and the quality of the final samples was confirmed by analytical SEC and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The integrity of the NT constructs was confirmed by mass spectrometry.
Production of TfR1 proteins. TfR1 proteins were purified using same expression system as hFc fusion proteins. Expi293F cells were transiently transfected to express His-tagged TfR1 ectodomains of mouse (NP_001344227.1; 123-763aa), rat (NP_073203.1; 123-761aa), monkey (XP_005545315.1; 121-760aa) and human (NP_001121620.1; 120-760aa). Purification was performed on HisTrap Excel column (GE Healthcare) and if required further purification was done on preparative SEC using a Triton X-100 supplemented with protease inhibitors (cOmplete TM , Sigma) using the TissueRuptor (Qiagen) at medium speed for 10 sec and then incubated for 30 min on ice. Lysates were spun down at 17,000xg for 20 min; the supernatant was collected and blocked in 2.5% milk in PBST overnight at 4°C. Blocked brain lysates (100 µl) were added to the blocked plates and incubated for 1 hr at RT.
Plates were washed, and the VNAR-hFc concentration determined as described for the binding ELISA.
TfR1 binding ELISA. Nunc MaxiSorp plates (Thermo Fisher) were coated with 100 µl of 1 µg/ml of commercially available recombinant mouse and human TfR1 (Sino Biological), HSA (Sigma), mouse transferrin receptor 2 (TfR2; ACRO Biosystems) or in-house purified monomeric human, mouse, rat, monkey TfR1 and incubated at 4°C overnight. Plates were incubated with blocking buffer (2.5% nonfat dry milk in PBST) for 1 hr at RT. Supernatants from transfected cells or purified proteins were mixed with non-fat dry milk in PBST to a final concentration of 2.5% and incubated for 30 min. The blocked protein solutions (100 µl) were transferred to the blocked plates and incubated for 1 hr. The plates were washed with PBST and incubated with a goat anti-human Fc−peroxidase antibody diluted 1:5,000 (Sigma) in blocking buffer for 30 min. The plates were washed and developed with SureBlue TM TMB substrate (VWR), the reaction stopped with 1% HCl and absorbance measured at 450 nm. The VNAR-Fc concentration was determined from standard curves prepared individually for each fusion protein.
Cell surface expression of TfR1. Exp293F cells (Thermo Fisher) were transiently transfected with pCMV3 plasmids with cloned untagged, full length TfR1 from either mouse (NM_011638.4; Sino Biological MG50741-UT), monkey (NM_001257303.1; Sino Biological CG90253-UT), rat (NM_022712.1; Sino Biological RG80098-UT) or human (NM_001128148.1; Sino Biological HG11020-UT) using ExpiFectamine (Thermo Fisher) following the manufacturer's instructions. The cells were grown overnight in shaking incubator at 350 rpm, 37°C with 8% CO2 before the transfection reagents were added and the cells were grown for 5 more days. The transfected cells were spun down at 2,000 rpm for 10 min and analyzed by flow cytometry. Competition ELISA. In two variants of the experiment MaxiSorp plates were coated with 100 µl of hTfR1 (Sino Biological) at the concentration of 5 µg/ml overnight at 4°C. Plates were washed with PBST and blocked for 1 hr with 2% BSA in PBST. In the first version of the assay, control wells were left in blocking buffer whereas competition wells were incubated with 2.5 µM Tf for 1 hr and washed before adding 100 µl of TXB2-hFc at the concentration ranging from pM to µM and incubated for 1 hr. In the second version of the assay, biotinylated human Tf (Sigma) at concentrations ranging from pM to µM in 0.1% BSA in PBST was used for pre-incubation for 1 hr before adding 100 µl of TXB2-hFc or human holo-Tf (Sigma) at the concentration of 2.44 nM and further incubated for 1 hr. Following washing, 100 µl of either a 1:5,000 peroxidase-conjugated anti-human Fc antibody or 1:20,000 streptavidin Poly-HRP40 Conjugate (Fitzgerald) diluted in 0.5% BSA in PBST was added and incubated for 1 hr. The plates were washed, and absorbance was measured as for the binding ELISA.
Binding kinetics. Binding kinetics of VNAR-Fcs was determined by surface plasmon resonance (SPR) using a Biacore T200 (GE Healthcare). His capture kit (GE Healthcare) was used to immobilize anti-His antibodies on CM5 chips. In -house purified His-tagged recombinant ectodomain of mouse, rat, monkey and human TfR1 in 0.1% BSA in HBS-EP+ buffer (GE Healthcare) was captured at flow rate 10 l/min. Analyte binding was measured using the single cycle kinetic SPR method. Analytes including TXB2-hFc, 8D3-hFc, OX26 (Novus Biologicals), MEM189 (Abcam), OKT9 (Invitrogen) and holo hTf (Sigma) were injected at increasing concentrations (0.98, 3.9, 15.6, 62.5 and 250 nM) in HBS-EP+ at flow rate 30 µl/min. A flow cell without TfR1 captured served as a reference. The chips were regenerated in 10 mM Glycine-HCl, pH 1.5. Sensorgrams were fitted and kinetic constants determined using Biacore T200 Evaluation software (GE Healthcare).
Reticulocytes counts.
Mice were injected with compounds as indicated in the results. Blood samples were collected 18 hr post injection and diluted 1:5 with PBS before mixing at 1:100 ratio with 1 ml of BD Retic-Count reagent (BD Biosciences). After a 30 min incubation in the dark at RT, samples were filtered using a cell strainer (35 µm nylon mesh) and reticulocytes counted on a CytoFlex flow cytometer.
Western blotting (WB).
To assess changes in TfR1 expression, whole brain lysates were prepared as for ELISAs and the protein concentration determined using a BCA assay (Thermo Fisher). Wells were loaded with 30 µg of total protein, which was resolved by SDS-PAGE under reducing conditions followed by WB onto PVDF membranes. After blocking with 2% BSA for 30 min, the membranes were incubated with mouse anti-TfR1 clone H68.4 (Thermo Fisher) and rabbit anti-actin antibodies (Abcam). After detection with a fluorescent secondary anti-mouse Cy-3 antibody (GE Healthcare), blots were scanned using a Typhoon 5 (GE Healthcare) to quantitate signal intensity using Image Studio Lite (LI-COR Biosciences).
To assess the quality of brain fractionation, the protein concentrations in capillary and parenchymal fractions were measured using the BCA assay kit and 10 µg was loaded per well in reducing buffer without boiling and resolved in SDS-PAGE gel followed by WB into PVDF membrane. After blocking with 2.5% milk for 30 min, the membrane was incubated with rabbit anti-GLUT1 (Abcam) and mouse anti-tubulin (Abcam) antibodies. Signal intensity was determined as for TfR1 above. 
Body temperature measurements. Five mice per group received tail vein injections with either
VNAR-hFc-NT fusions or control hFc-NT at dose from 2.5 to 125 nmol/kg IV (0.2 mg/kg and 9.4 mg/kg) and body temperature was measured over a 24 hr period using a rectal probe, and the data analyzed using Prism software (GraphPad).
RESULTS
VNAR phage display selections. Semi-synthetic VNAR libraries were first subjected to 2 rounds of panning on recombinant hTfR1 ectodomain followed by 3 rounds of in vivo selection in mice. The in vivo stability of the preselected phage library was tested by injecting 5x10 11 cfu and harvesting perfused brains 1, 3 and 18 hr later. Capillaries were depleted by density centrifugation and the parenchymal fraction was used to infect ER2738 E. coli. The phage output titers were determined and approximately 100 clones were randomly picked from each of 1-and 18-hr time points. Binding to human and mouse TfR1 was assessed by phage ELISA. Analysis showed that phage titers in addition to the number of TfR1 binders decreased with time after injection (Fig. S1A) ; thus a 1-hr exposure was used for the subsequent 3 rounds of in vivo selections.
The selection process was assessed by NGS where individual clones were identified to amplify in subsequent rounds of selection. Tracking back the 29 most abundant clones from the 3 rd round of in vivo selection through the entire process that included in vitro and in vivo stages showed a consistent amplification ( Fig. 1A and Table S1 ). However, when the 20 most abundant clones after the in vitro stage were tracked forward, only a portion of clones continued to amplify whereas the majority of the clones were de-selected in the in vivo stage (Fig. S1B) . Phage ELISA showed that the number of TfR1 binders increased with each round of in vivo selection starting from 5% after round 1 to 15% after round 3 (Fig. S1C) . There results indicate that the in vivo selection process effectively amplified functionally relevant TfR1 binders.
The 29 most abundant clones after the final round of in vivo selection (Table S1 ) were re-engineered as bivalent VNAR-hFc fusion proteins to further evaluate their functional activity. Among the 29 clones that were tested, 8 showed TfR1 binding by ELISA, and 7 were cross-reactive to the human and mouse receptor (Fig. 1B) . The 22 clones that expressed well as VNAR-hFc fusions were tested for brain uptake in mice 18 hr after IV injection at 1.875 mg/kg (25 nmol/kg). A VNAR-hFc that binds TfR1 with nM affinity (Table S2 ) but does not penetrate the BBB was used as a negative control (control VNAR-hFc) throughout the experiments. Brain uptake of TXB2-hFc (clone C) was 14-fold higher than the control and reached 6 nM in the brain 18 hr after injection (Fig. 1C) . Identical results were obtained using either Fc capture or a VNAR capture ELISAs (Fig. S2) , which additionally confirmed the integral stability of the fusion molecule upon brain delivery. Two additional clones (E and H) showed a modest increase in brain uptake over the control (4-and 2-fold, respectively), but only clone H bound TfR1.
Binding properties. TXB2 was selected for further characterization. Species cross-reactivity and specificity of this hFc fusion (TXB2-hFc) was tested to the receptor ectodomains, and the full-length receptors expressed on a cell membrane. ELISAs showed binding to mouse, human, cynomolgus monkey and rat TfR1 ectodomain, whereas TXB2-hFc did not bind HSA or mouse TfR2, the nearest homolog (Fig. 1D) . The binding of TXB2-hFc to human, mouse, rat and cynomolgus monkey TfR1 ectodomains was further analyzed by SPR. TXB2-hFc bound with sub-nM affinity to all but rat TfR1, which measured 1.2 nM KD (Table S2 ) and the binding kinetics were very similar to 8D3, OKT9 and OX26 antibodies which are selective for mouse, human and rat TfR1, respectively. The binding of holo-hTf showed specificity to hTfR1 with a nM KD. The control VNAR-hFc also showed strong nM binding to all but rat TfR1 (Table S2 ) yet unable to penetrate the brain in mice. TXB2-hFc binding to cell surfaces expressing TfR1 (mouse, rat, cynomolgus monkey and human) was assessed in transiently transfected HEK293 cells by double staining for Tf and TXB2-hFc (mouse Tf for cells transfected with mouse, rat and cynomolgus monkey TfR1 and human Tf for cells transfected with human TfR1). Flow cytometry showed that TXB2-hFc bound to mouse, rat and cynomolgus monkey in addition to human TfR1 expressed on the cell surface membrane ( Figs. 1E-F) .
Two ELISAs were setup to test competition between Tf and TXB2-hFc for TfR1 binding. In both variants of the assay plates were coated with human TfR1. In the first variant of the assay TXB2-hFc (at increasing concentrations) showed the same binding to TfR1 alone or when challenged by preincubation with Tf at 2.5 µM concentration (Fig. S3A) . In the second variant of the assay TXB2-hFc (at constant 2.4 nM concentration) showed stable binding to TfR1 when challenged with increasing concentration of biotinylated Tf (bio-Tf) ( Fig. S3B) . Conversely, when bio-Tf binding was challenged with unlabeled Tf, there was observable competition for TfR1 binding, but no competition was detected when TXB2-hFc was used to challenge the binding of bio-Tf ( Fig. S3C) . Thus, no competition between Tf and TXB2-hFc for binding to TfR1 was detected in these molecular assays.
Brain penetration. To further examine BBB transport, capillaries were fractionated from the brain parenchyma and confirmed by WB for GLUT1 ( Fig. 2A) as a marker specific to cerebral microvessels (20) . The amount of TXB2-hFc in the parenchyma was more than twice that in capillary fraction by 18 hr after IV injection of 1.875 mg/kg (25 nmol/kg), whereas there was little of control VNAR-hFc in either fraction at the same dose (Fig. 2B) . In a longitudinal study, the concentration of TXB2-hFc in the capillary fraction was higher than the parenchyma 15 min after injection and then remained relatively constant over a 144 hr study (Fig. 2C) . In contrast, the parenchymal concentration rose steadily over 18 hr and had only slightly declined by 144 hr. Results from IHC studies provided further evidence that TXB2-hFc penetrates the BBB into the brain parenchyma after IV injection.
TXB2-hFc localized to the capillaries 1 hr after injection and was then visible in the adjacent parenchyma and cellular elements with neuronal morphologies by 18 hr (Fig. 2D) . TXB2-hFc immunoreactivity within the capillary endothelial cells appeared independent of the dose (2 vs. 12 mg/ml, Fig. 2D) , which suggested saturation of TfR1s at the BBB.
Brain distribution. TXB2-hFc immunoreactivity was observed in brain capillary endothelial cells, choroid plexus epithelial cells, and neurons after IV dosing (Figs. 2D, 3 and S4) . Examining the surface of the brain revealed no significant signs of penetration across the pia-arachnoid barrier either after 1 hr (Fig. S4C ) or 18 hr ( Figs. 3 A, E, H) . TXB2-hFc immunoreactivity was observed in epithelial cells of the choroid plexuses in the lateral, third (Fig. S4B) , and fourth ventricles. Regions of the brain close to ventricular surfaces were carefully examined for evidence that TXB2-hFc may have crossed the blood-CSF barrier (BCSFB) and entered the brain parenchyma by diffusion. In the diencephalon, faint labeling was seen in neurons of thalamic nuclei, but was unexpectedly absent from the medial habenular nucleus (Fig. S4B) known to strongly express TfR1 (21) . This finding might be attribute to the proximity to the ventricular surface and the flow of the brain interstitial fluid towards the ventricular compartment. Elsewhere in the brain TXB2-hFc immunoreactivity closely mirrored the level of neuronal TfR1 (Fig.3) , with no indication that neuronal labeling resulted from diffusion into the brain parenchyma from the CSF.
Labeling with TXB2-hFc appeared stronger and more consistent in mice 18 hr after injection with 12 mg/kg, which more clearly illustrates neuronal uptake throughout the brain ( Fig. 3 A-I) . Labeling was highest in neurons of brain stem and cerebellum, but it was also detected in the diencephalon and telencephalic regions. In the neocortex, neuronal labeling was occasionally seen in cortical layers and pyramidal neurons of the hippocampus. In the mesencephalon ( Fig. 3 A, B) , TXB2-hFc immunoreactivity was discernable in reticular formation and cranial nerve nuclei and also seen markedly in neurons of the substantia nigra pars reticulata, more lightly in neurons of the substantia nigra pars compacta, and markedly in the interpedunculate nucleus. In the cerebellum (Fig. 3 C, D) , TXB2-hFc immunoreactivity was high in Purkinje cells and neurons of deep cerebellar nuclei. In the brain stem ( Fig. 3 E-I) , TXB2-hFc immunoreactivity was prominent in high iron-containing regions and with neurons exhibiting strong TfR1 expression. Such regions include the substantia nigra pars reticulata, deep cerebellar nuclei of the cerebellum, and many neurons of the reticular formation (21, 22) . The neuronal localization of TXB2-hFc in brain stem regions extended from the medulla oblongata rostrally to the midbrain. In these regions, labeling was particularly high in motor cranial nerve nuclei and pontine nuclei. Brain sections examined for control VNAR-hFc showed no immunoreactivity in brain capillaries or neurons; however, labeling was seen in choroid plexuses of all ventricles suggesting non-specific transport of this VNAR at BCSFB. Faint immunoreactivity of control VNAR-hFc was confined to the innermost parts of the ventricular surfaces and the surfaces of the brain (Fig. S4 D-F) suggesting that BCSFB transport of control VNAR-hFc resulted in very limited diffusion into the brain parenchyma.
Neuronal specificity. Although TXB2-hFc immunoreactivity in brain stem and cerebellum closely mirrored the level of neuronal TfR1 expression as published previously (21), double-fluorescent labeling unequivocally confirmed that TXB2-hFc co-localizes with TfR1-postive neurons (Fig. 3 J-K) .
By contrast, TXB2-hFc immunoreactivity was absent in the major glial cell types including astrocytes, microglia and oligodendrocytes (Fig. S5) . Hence, in pure white matter regions such as the corpus callosum and cerebral peduncle, TXB2-hFc immunoreactivity was only detected in brain capillary endothelial cells.
Biodistribution and safety assessment. The biodistribution of TXB2-hFc was compared to the control VNAR-hFc 18 hr after IV administration of 1.875 mg/kg (25 nmol/kg). The highest absolute concentrations besides plasma were observed in the lung (20-35 nM), followed by similar levels in kidney, heart, liver, spleen (8-18 nM), and the lowest concentration detected in skeletal muscle and brain (Fig. 4A ). An apparent increase in lung did not reach statistical significance. A significantly higher level of TXB2-hFc relative to control VNAR-hFc was observed only in brain with the increase at nearly 14-fold.
Adverse effects of TfR1 antibodies in mice as a consequence of targeting reticulocytes, which express high levels of TfR1 have been previously reported (4). To assess this potential safety liability, TXB2 fusions were produced with a fully functional wild type human IgG1 Fc in addition to AEF variant used throughout this study. Quantitative analysis of reticulocytes in mice injected with 1.875 mg/kg (25 nmol/kg) was performed 18 hr after injection. There was no reduction of circulating reticulocytes in mice injected with TXB2 fused to either wild type or AEF hFc in comparison to animals injected with PBS ( Fig. 4B) .
TXB2-hFc is a bivalent antibody format that binds to mouse TfR1 with 0.63 nM affinity (Table S2 ). It has been reported that high affinity, bivalent TfR1 antibodies are sorted to the lysosome for degradation (10) and can reduce TfR1 expression in the brain endothelial cells within a day of exposure (9) . To determine whether TXB2-hFc carries a similar liability, mice were injected with TXB2-hFc with AEF at 1.875mg/kg and 18.75mg/kg (25 nmol/kg and 250 nmol/kg). TfR1 levels were quantified by WB after normalization to actin and showed no observable effect on TfR1 expression 18 hr post injection even at the highest concentration ( Figs. 4 C and D) . Importantly, no adverse responses were observed in mice even with the highest dose of TXB2-hFc at 18.75mg/kg (250 nmol/kg).
Pharmacokinetic (PK) profile. The PK properties of TXB2-hFc were further evaluated in time-course and dose-response studies. The PK profile obtained by measuring brain and plasma levels in whole brain extracts after cardiac perfusion was identical to that observed in brain fractionation studies.
After a single IV dose of 1.875 mg/kg (25 nmol/kg), the brain concentration of TXB2-hFc increased exponentially over the first 18 hr and then slowly declined over the 144 hr observation period, whereas the slight increase in the concentration of control VNAR-hFc was detected a few hr after injection and remained low over the same period (Fig. 5A) . Percentage injected dose (%ID) of TXB2-hFc in the brain at 144 hr was calculated at 3% (%ID = brain AUC/plasma AUC x 100%). Although plasma levels of the two fusion proteins diverged in the early redistribution phase, the levels were similar during the elimination phase from 18 to 144 hrs (Fig. 5B) . In separate PK studies at 1-3 mg/kg, the terminal half-life of TXB2-hFc in plasma was calculated to be 6.5-7 days, which is expected for both human and mouse IgG in mice (23) .
In dose-response studies, mice were injected IV with 0.1875, 0.75, 1.875 or 7.5 mg/kg (2.5, 10, 25 and 100 nmol/kg) of either TXB2-hFc or control VNAR-hFc and brain levels were measured 18 hr later. The greatest difference between TXB2-hFc and the control VNAR-hFc occurred at the lowest dose (over 35-fold) and exponentially decreased to 8-fold at the highest dose ( Fig. 5C) . Conversely, the plasma levels for the two VNAR fusion proteins were identical for all doses at 18 hr after injection (Fig. 5D) . In comparison to the 8D3-hFc antibody given at equimolar doses, TXB2-hFc resulted in significantly higher brain ( Fig. 5E ) and plasma concentrations ( Fig. 5F) . At the 25 nmol/kg dose there was over 4-fold more TXB2-hFc in the brain and 6-fold more in the plasma.
Physiological response. TXB2-hFc VNAR was genetically fused to NT peptide, which regulates physiological responses such as body temperature from within the CNS and has been used previously as a measure of parenchymal delivery (24) . At the 25 nmol/kg IV dose, TXB2-hFc-NT significantly reduced body temperature by >2°C at the 2 hr time point (Fig. 6A) . Neither of the NT controls (control VNAR-hFc-NT or hFc-NT) produced a significant change at any of the tested time points. In the dose-response study (Fig. 6B) , the minimal dose required to produce a hypothermic response at the 2 hr time point was 10 nmol/kg (0.75 mg/kg). Measurement of the brain and plasma concentrations of the NT fusions at the 2 and 24 hr time points showed that TXB2-hFc was 10-fold higher than the NT controls ( Fig. 6C) and remained constant, despite the reduction of plasma levels over the same time period (Fig. 6D) . The recovery from hypothermia within 6 hr ( Fig. 6A) was consistent with the development of receptor desensitization and proteolytic cleavage of the NT peptide (25) .
DISCUSSION
Previous attempts to identify a brain delivery vehicle using in vivo phage display technology targeted the cerebral vasculature (26) (27) (28) (29) , the CSF barrier (30, 31) or the olfactory tract (32) but not the brain parenchyma. Moreover, the transport mechanism for all of these targeting peptides and antibodies remains unknown. To overcome these drawbacks, we combined an in vitro and in vivo selection process to isolate cross species reactive VNARs with TfR1 specificity that are transported through the BBB into the brain parenchyma. This was achieved by first selecting VNAR phage libraries on recombinant human TfR1, injecting the pre-selected pool into the bloodstream of mice and then isolating phage clones from the brain parenchyma after capillary depletion. The change in copy number of individual VNAR sequences was tracked by NGS through the multiple rounds of the in vitro/in vivo selection process.
As anticipated, this two-tiered selection process amplified VNARs that bound both human and mouse TfR1. The most abundant unique sequences at the end of the in vivo selection were formatted as bivalent hFc fusion proteins (MW of 75 kDa) to verify brain penetration and mice were treated at a low, therapeutically relevant dose (1.875 mg/kg) to identify the most potent VNARs.
TXB2-hFc showed remarkably robust brain uptake, indicating that the selection process effectively identified a highly brain penetrating VNAR through a specific transport mechanism. Subsequent studies confirmed this finding and further defined the biochemical and functional properties of TXB2-hFc and its potential for rapid, efficient and widespread delivery of biologics to the CNS. TXB2-hFc bound to soluble ectodomains of TfR1 from rat and cynomolgus monkey in addition to human and mouse by ELISA and with affinity similar to that of the reference antibodies OKT9, 8D3 and OX26 against human, mouse and rat TfR1, respectively. TXB2-hFc also recognized the receptor expressed on cell membranes of cells that were transiently transfected with the gene encoding either full-length mouse, human, rat or cynomolgus monkey TfR1. Importantly, TXB2-hFc did not compete with Tf for TfR1 binding in biochemical assays. These results suggest that TXB2 binds to a surface accessible epitope on TfR1 that is highly conserved and distant from the Tf binding interface.
Species cross-reactive antibodies detecting the surface regions of TfR1 are rare, most likely due to genetic divergence at the TFR1 locus driven by viruses using the receptor for cell entry, which provides a cross-species barriers to virus transmission (33) . The finding that species cross-reactive VNARs are common could be related to their ability to access buried epitopes.
The interaction of TXB2-hFc with respect to the relationship between TfR1 binding affinity and brain penetration stands in contrast to what has been found with various reference antibodies to the receptor. High affinity binding antibodies to TfR1 appear to impede brain penetration, by retarding transcytosis, lysosomal targeting or preventing the release of the antibody from the receptor into the brain leaving it trapped inside the capillaries (8, 10, (34) (35) (36) . It was further shown that monovalent formatting or lowering the affinity TfR1 antibodies could boost brain transport in vivo (8, (11) (12) (13) . Unlike these TfR1 antibodies, a series of biochemical, histological, biodistribution pharmacokinetic and pharmacodynamic studies showed that neither high-affinity TfR1 binding (0.6 nM KD) nor a bivalent format impeded BBB transport of TXB2-hFc.
Brain distribution. The brain distribution of TXB2 expressed as a hFc fusion after IV injection was first examined by biochemical fractionation studies. The results indicate that TXB2-hFc accumulated in the brain parenchyma like TXB2 expressed on the phage surface, thereby validating the in vivo phage selection approach. Furthermore, tracking the biochemical distribution of TXB2-hFc after a single dose over time indicates BBB penetration occurs through a rapid, saturable transport mechanism. The time-course study showed that TXB2-hFc levels in the capillary fraction measured 15 min after injection remained constant for at least 144 hr. By contrast, levels in the parenchyma fraction rapidly rose to exceed the capillary levels by 18 hr post-injection and thereafter the two fractions maintained a constant equilibrium throughout the 6-day study. IHC studies confirmed the parenchymal distribution of TXB2-hFc and provide an explanation for the prolonged brain exposure after IV administration.
In addition to the prominent staining of entire microcapillary endothelium, there was also a diffuse widespread staining of the brain parenchyma and specific staining within multiple neuronal populations. The neuronal distribution pattern mirrored TfR1 expression with the most intense TX2B-hFc staining seen in the brain stem and cerebellum, which likely reflects uptake in neurons with highest TfR1 expression (21, 22) . Double immunofluorescent staining confirmed the co-localization of TXB2-hFc with TfR1-positive neurons and a striking absence of TXB2-hFc immunoreactivity in astrocytes, oligodendrocytes and microglia, which is in accordance with observations on absence of TfR1 on these major glial cell types (19, 21) . The extent and intensity of neuronal staining with TXB2-hFc was more robust than previously reported for TfR1 targeted antibodies to date (8, 11) and the slow clearance of TXB2-hFc sequestered in neurons most likely accounts for its long half-life in the brain.
Biodistribution. Access of TfR1 antibodies to peripheral tissues though capillary leakage can affect their biodistribution, pharmacokinetics and off-target effects. TfR1 is mainly expressed by cells in the body with high iron demand including lymphoid cells in the spleen, hepatocytes in the liver, myocytes in the heart and skeletal muscle, renal tubules in the kidney and epithelial cells and macrophages in the lung (1). After IV injection, the accumulation of TXB2-hFc relative to control VNAR-hFc was only observed in the brain and possibly the lung but not in spleen, liver, heart, skeletal muscle or kidney unlike monoclonal antibodies to mouse TfR1. Interestingly, RI7217 accumulates in the brain and heart but is not taken up by the liver or kidney whereas 8D3 antibody accumulates in liver and kidney in addition to the brain (6, 7) . Another monoclonal antibody to TfR1 called TSP-A18 preferential accumulated in spleen and bone but not in other mouse organs (37) . Differences in tissue selectivity by different antibodies indicate that the presentation and availability of TfR1 epitopes for antibody binding is context dependent. TXB2-hFc appears more selective for brain relative to these mouse TfR1 antibodies, suggesting that the TfR1 binding epitope for TXB2 is inaccessible in most peripheral organs and thus less likely to target cargo to peripheral tissues.
Additionally, since TXB2-hFc is not targeted to peripheral organs, it is less likely to undergo targetmediated clearance, and which may account for its long plasma half-life relative to other TfR1 antibodies.
Safety profile. TfR1 antibodies have been generated with cytotoxic activity and are being used to target proliferating tumor cells overexpressing the receptor (38) . To avoid potential toxicity associated with a BBB shuttle, we and others have selected antibodies that do not block the binding of endogenous Tf to its receptor, which could lead to iron deprivation in the CNS (19) . TfR1 antibodies indirectly prevent iron uptake by interfering with TfR1 recycling and trafficking, which has resulted in lysosomal degradation of the receptor in the capillary endothelium (9, 10) . Reducing receptor binding affinity and/or monovalent formatting of these antibodies restored intracellular trafficking and maintained TfR1 levels in the CNS. Furthermore, exposure to TfR1 antibodies with full effector function caused severe anemia in mice due to the lysis of TfR1-rich reticulocytes (4) and immune-mediated CNS toxicity in addition to anemia in primates (5) . However, cytotoxicity related to effector function can be largely attenuated by engineering the antibody Fc region (4, 18, 39) .
TXB2-hFc was evaluated in light of these potential safety liabilities, and we found that it did not block Tf binding, reduce TfR1 levels in the CNS or deplete reticulocytes in mice with or without Fc mutations that mitigate effector function. Since bivalent TfR1 antibodies trigger cellular toxicity by receptor crosslinking (40) , we suspect that the TXB2 is unable to crosslink the receptor as a bivalent Fc fusion. This finding is in stark contrast to the robust loss of circulating reticulocyte seen with monoclonal antibodies to TfR1 administered at similar doses, which is only partially reversed by the elimination of effector function (4, 41) . Moreover, certain effector mutations adversely affect plasma and brain PK of the TfR1 antibody and its cargo (41) , which also was not observed with TXB2-hFc.
Pharmacokinetics. The PK profile of TXB2-hFc is an important distinguishing feature relative to other TfR1 antibodies used as BBB shuttles. Robust brain levels were achieved over an extended period after a single low dose (1.875 mg/kg). The unusually long half-life in the brain can be explained by continuous uptake from plasma via a receptor-mediated transport mechanism and sequestration in TfR1-positive neurons. It should also be noted that measurements of TXB2-hFc in whole brain extracts underestimates the ratio relative to controls since the control VNAR-hFc was not found in the brain parenchyma by IHC. Additionally, there was no evidence of a specific clearance mechanism as the plasma elimination rate of TXB2-hFc was that expected for IgG. By contrast, other high affinity TfR1 antibodies have a short plasma half-life indicative of a target-mediated clearance mechanism; mutations that reduce antibody binding affinity extend the plasma half-life although not to the level of untargeted IgG (4, 6, 8, 11, 13) . We likewise confirmed the relatively low brain uptake and short plasma half-life of the 8D3-hFc antibody in head-to-head experiments with TXB2-hFc.
While the IHC studies provide strong evidence that TXB2-hFc is principally transported through the BBB pathway, it is possible that BCSFB transport provides a minor contribution to the levels measured in whole brain extracts in our PK studies. Epithelial cells of the choroid plexus express TfR1 in addition to many other transporters found in the BBB and provide active endocytic pathways into the CSF (42) (43) (44) . Additionally, PK studies using microdialysis revealed a nonselective pathway for peripherally administered antibodies into the brain via BCSFB into the ventricles (45) . The relative contribution of BCSFB pathways to pharmacodynamic effects seen with the therapeutic antibodies delivered to the brain via BBB shuttles warrants further consideration.
CNS activity.
Using NT as a cargo has provided a convenient physiological readout to monitor the efficacy of brain delivery (24) . Endogenous NT is produced by neurons and glial cells within the brain where it functions as a neurotransmitter to regulate a wide array of physiological processes, including body temperature, blood pressure and nociception from within the CNS (46) . In mice, intracisternal delivery of 10-30 g NT maximally reduced body temperature within 30 minutes, which returned to near normal 2 hr later (47) . By comparison, intravenous delivery of NT fused to TXB2-hFc at 1.875 mg/kg (25 nmol/kg) produced a similar reduction in body temperature that peaked 2 hr after administration and returned to normal by 6 hr. The delayed response is consistent with a transit time across the BBB and the extended duration is likely the result of continuous transport in addition to greatly enhanced stability the NT fusion relative to the isolated peptide, which is rapidly degraded (24) . These two factors likely account for the vastly more potent hypothermic response seen with IV delivery of TXB2-hFc-NT (total dose of <1 nmole into circulation) compared to intracisternal delivery of the isolated peptide (total dose of 6-18 moles into the ventricular system). The duration of hypothermia induced by TXB2-hFc-NT would be limited by both CNS tolerance (48) and proteolytic cleavage of NT (25) .
As in the mouse, delivery of NT into the CSF of the rat produced a rapid hypothermic response of a similar magnitude in the same dose range (47, 48) . As with TXB2-hFc in the mouse, IV delivery in the rat of NT fused to Angiopep-2 (a peptide targeting LDL receptor-related protein-1, LRP1) produced a more potent and extended response than CSF delivery due to the prolonged plasma half-life of the NT fusion protein (24) . Interestingly, the rapid onset of hypothermia with Angiopep-2-NT closely mimicked the onset of hypothermia after CSF delivery of NT peptide (47) . Since LRP1 is strongly expressed by choroid plexus cells, transport across the BCSFB may play a prominent role as previously suggested for Angiopep-2 (44) . Interestingly, the hypothermic potency of TXB2-hFc-NT in the mouse (25 nmol/kg) was 50-fold greater than Angiopep-2-NT in the rat (1.3 moles/kg) which may reflect the ability of the TXB2-hFc shuttle to deliver the cargo across the BBB and directly target TfR1-expressing neurons.
In summary, the properties of VNAR TXB2 clearly differ in several important aspects from those of monoclonal antibodies to TfR1 used as BBB shuttles. In contrast to 8D3, OX26, and anti-TfR A (8) , high affinity binding of TXB2 to TfR1 did not impeded transport across the BBB. Subsequent to capillary binding, TXB2-hFc widely distributed across the brain and was internalized by TfR1-expressing neuronal populations. Moreover, the pharmacokinetic profile of TXB2-hFc was distinguished by prolonged brain exposure and the lack of target-mediated clearance. Consequently, the minimal effective doses of TXB2-hFc fused to NT was as low as 1-2 mg/kg (12.5-25 nmol/kg), indicating the shuttle is capable of highly efficient BBB transport. The favorable properties of TXB2 as a BBB shuttle could be due to the inherent binding properties of the VNAR, the particular epitope on TfR1 to which it binds or functional selection in vivo, or a combination of these. Since VNAR TXB2 represents the primary hit from the in vivo selection approach, further improvements in BBB transport are possible to optimize this VNAR for therapeutic development. (Table S1 ) from in vivo round 3 (marked by arrow) was represented in earlier rounds of selection. (B) Relative ELISA binding of the 29 most enriched VNARs (Table S1 ) formatted as hFc fusions to human TfR1 (hTfR1) and mouse TfR1 (mTfR1). (C) Brain concentration of the 22 tested VNAR-hFc fusions 18 hr after single IV injection of 1.875 mg/kg (25 nmol/kg) as determined by ELISA (mean ±SD, N=5).
Control VNAR-hFc that binds to TfR1 (Table S2 ) was included as negative control (cont.). (D) Comparative ELISA binding of TXB2-hFc to recombinant hTfR1, mTfR1, cynomolgus monkey (cTfR1), and rat (rTfR1), with mouse TfR2 (mTfR2) and HSA as negative controls. Live HEK293 cells transiently transfected with (E) mTfR1, cTfR1, rTfR1 or (F) hTfR1 were co-stained with TXB2-hFc and either transferrin from mouse (mTf) or human (hTf) and analysed by flow cytometry. Double-positive cells that populated Q2 after transfection showed binding of both TXB2-hFc and Tf to the transiently expressed TfR1. Brain section from the superior colliculus of the mesencephalon. TXB2-hFc was injected at 2 or 12 mg/kg and allowed to circulate for 1 or 18 hrs. Immunolabeling was restricted to brain capillaries at 1 hr but after 18 hr additional parenchymal staining was observed; cells with a neuronal morphology were marked (arrows). Scale bar 50 µm. Figure S1 A B C Figure S1 . In vitro/in vivo selection of brain penetrant VNARs. (A) Optimization of in vivo selection method for TfR1-dependent brain penetrants. Preselected phage library was injected to animals and the brains were extracted 1, 3 or 18 hr post injection following cardiac perfusion. The phage output titer was calculated using plaque-forming unit (pfu) in parenchymal fraction only. Approximately 100 clones were randomly picked from 1-and 18-hr time-points and binding to human (■) and mouse (•) TfR1 was assessed by phage ELISA. (B) The 20 most abundant sequences at the 2nd in vitro round of selection (marked by arrow) were tracked for their abundance in the further rounds of in vivo selection. (C) Individual clones were randomly picked and tested in phage ELISA for binding to human and mouse TfR1 (hTfR1 and mTfR1). Approximately 200 clones were picked for each of rounds 1 and 2, and 800 clones were picked for round 3. A clone was defined as a binder if its signal exceeded four times the background signal.
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Figure S2
Figure S2. Stability of the VNAR-Fc format in brain was subsequently assessed by using alternative two ELISAs with Fc-capture or VNAR-capture with the same Fc detection antibody (mean ±SD, N=3).
Figure S3
. Competition analysis between TXB2-hFc and Tf for binding to TfR1. ELISA plates were coated with recombinant hTfR1. (A) Binding of TXB2-hFc to hTfR1 at concentrations ranging from pM to µM was assessed on its own and after pre-incubation with 2.5 µM of recombinant Tf. (B and C) Alternatively, plates were pre-incubated with biotinylated Tf (bio-Tf) at concentrations ranging from pM to µM. After the addition of either TXB2-hFc or unlabeled Tf (both at 2.4 nM), TXB2-hFc binding was detected with anti-human Fc antibody (B) and bio-Tf with streptavidin (C).
A B C Figure S4 Figure S4 . The brain distribution of TXB2-hFc as evaluated using IHC. (A-C) TXB2-hFc injected in a dose of 2 mg/kg, IV and allowed to circulate for 1 hr. (A) TXB2-hFc is present in brain capillaries (arrow) throughout the brain. (B) Labelling is also seen in the choroid plexus (CP), but not in the adjacent brain tissue containing the medial habenular nucleus (MHb) lining the third ventricle (3V). (C) In the cerebral cortex and the surface of the brain, labelling is confined to brain capillaries and is not prominent at the level of the pia-arachnoid membrane (PA). (D-F) Control VNAR-hFc injected at a dose of 2 mg/kg and allowed to circulate for 1 hr. (D) Labelling is virtually absent and does not discern any pattern of labelling in brain capillaries. (E) Labelling is nonetheless seen in the CP, which can be attributed to non-specific transport at the BCSFB. (F) Labelling is virtually absent from the PA, indicating that the amount of control VNAR-hFc transported into the brain is low. Scale bars: A, C, D, F 50 µm (bar shown in F), B, E 200 µm (bar shown in E).
Control VNAR-hFc TXB2-hFc 1h post injection at 2 mg/kg Figure S5 Figure S5. TXB2-hFc immunoreactivity is not confined to major glial cell types. Distribution of TXB2-hFc in brain evaluated taking a double-labelling approach to simultaneously detect the major glial cell types astrocytes (upper row), microglia (middle row), and oligodendrocytes (lower row) in high magnification. Sections taken from mesencephalon (astrocytes), lateral (microglia) and medial (oligodendrocytes) portions of the pons. The co-detection reveals that the various glial markers (red, single arrow) identifying numerous glial cells do not co-localize with TXB2-hFc (green, double-headed arrows). Scale bar: 80 µm. 0  0  22  45  71  55  O  0  0  34  41  44  31  P  0  0  23  35  38  15  Q  0  0  22  35  36  19  R  0  0  13  33  67  71  S  0  0  16  32  45  46  T  0  0  10  30  45  62  U  0  0  9  30  42  64  V  0  0  10  28  36  24  W  0  0  23  26  40  21  X  0  0  17  26  43  48  Y  0  0  16  22  23  9  Z  0  0  18  20  55  57  AA  0  0  10  20  44  33  AB  0  0  1  13  37  50  AC  0  5  11  19 26 34 Table S2 . Binding kinetics to human, mouse, rat and cynomolgus monkey TfR1 (hTfR1, mTfR1, rTfR1 and cTfR1). All TfR1 construct ectodomains were expressed and purified in-house. SPR assays were performed using single cycle kinetics on an anti-His capture-chip coated with His-tagged TfR1 at 10 µg/ml. The association rate (ka), dissociation rate (kd) and binding affinity (KD) for TXB2-hFc and control VNAR-hFc were calculated. Holo hTf specific to human TfR1 as well as control antibodies were included with 8D3, OX26, and OKT9, specific to mouse, rat, human and human TfR1, respectively; not detected (ND).
